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Available online 6 November 2014AbstractPrevious studies have proved that the zirconium (Zr) alloying and grain refining performance of a MgeZr master alloy on Mg alloy is closely
related to the distribution of Zr particle size, and a MgeZr master alloy with more Zr particles in size range of 1e5 mm exhibits a better refining
efficiency. In this paper, friction stir processing (FSP) was used to modify the Zr particles size distribution of a commercially available Mge30
wt.%Zr master alloy, and the subsequent grain refinement ability was studied by trials on a typical Mge3Nde0.2Zne0.6Zr (wt.%, NZ30K)
alloy. It is found that plenty of large Zr particles in the as-received Mge30%Zr master alloy are broken by FSP. Grain refinement tests reveal that
the refining efficiency of Mge30%Zr alloy is significantly improved by FSP, which is attributed to the better distribution of Zr particles. The
refinement effect by adding 0.6% FSP-ed Mge30%Zr is approximately equivalent to that by adding 1.0% as-received Mge30%Zr. Due to the
easy and convenient operation of FSP, this study provides a new method to develop a more efficient MgeZr refiner.
Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
Elsevier B.V.
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Zr is the most powerful grain refiner for Mg alloys that do
not contain Al, Mn and/or Si elements (since Al, Mn and Si
poison the grain refining ability of Zr [1]). Zr can readily
decrease the grain size by 80% or even more under normal
cooling rates [2]. Currently, the way to introduce Zr into Mg
alloy melt is usually through a MgeZr master alloy which
contains a certain weight percentage (wt.%) of Zr [3]. Owing
to the limited solubility of Zr in Mg (about 0.5 wt.%), almost* Corresponding author. Tel.: þ86 21 54742627; fax: þ86 21 34202794.
E-mail addresses: zhengfy@sjtu.edu.cn, 819743301@sjtu.edu.cn (F.
Zheng).
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2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Choall the Zr in MgeZr presents in the form of various sized Zr
particles and particle clusters (from sub-micron to larger than
dozens of microns). Recent reports have indicated that a
MgeZr master alloy with more Zr particles in 1e5 mm size
range exhibits a better refining efficiency [3,4]. Zr particles
that are larger than 5 mm in size spontaneously settle down to
the bottom of crucible because of a much higher density
(~6.52 g/cm3) than that of molten Mg (~1.59 g/cm3). This
leads to a very low absorption ratio (usually 30%e40%) of Zr
in commercial MgeZr master alloy, which actually increases
the casting cost of Mg alloys. Therefore, it is very significant
to develop a more efficient MgeZr master alloy or modify the
commercially available MgeZr alloys. Qian et al. [5] reported
that the particle size distribution and the subsequent grain
refining efficiency of a Zirmax® master alloy was improved by
hot rolling it into thin plates. Qian et al. [6] also developed angqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. Schematic of the friction stir processing.
Fig. 3. The relationship between Zr additions and Zr contents of NZ30K
castings.
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even distribution of the Zr particles (the majority of particles
are smaller than 5 mm), which provided an excellent grain
refinement effect on pure Mg. Moreover, the grain refinement
efficiency of Zr particles can also be improved by melt
treatment. For examples, Ramirez [7] improved active Zr
particles numbers and further refined grains of Mge3ZneZr
by applying high-intensity ultrasonic treatment to the alloy
melt; Das et al. [8] vibrated Mge6ZneZr melt acutely to
break up Zr clusters and distribute Zr particles homoge-
neously, which improved the refinement effect of Zr. However,
to find a more low-cost Zr refiner is still on the way.
FSP is an emerging severe plastic deformation technology.
With the mechanical stirring caused by the pin, the material
within the processed zone undergoes intense plastic defor-
mation, which can significantly refine grains or the secondFig. 2. Typical SEM microstructures of the (a) as-received; (b) FSP-ephases [9,10]. In the past few years, FSP has been used to
produce fine-grained bulk metal material and introduce sig-
nificant break-up and dissolution of the coarse secondary
phase [11e13]. For instance, Zheng et al. got remarkable grain
refinement and almost complete dissolution of second phase in
Mge2.0Nde0.3Zne1.0Zr Mg alloy by FSP [14]. In this
paper, we applied FSP to an as-received Mge30%Zr master
alloy in order to break up large Zr particles and clusters into
smaller particles, and then the grain refinement effects wered Mge30%Zr master alloy; and (c) Zr particle size distribution.
241C. Wang et al. / Journal of Magnesium and Alloys 2 (2014) 239e244examined. The goal is to supply a new method to develop a
more efficient MgeZr refiner.
2. Material and methods
As-received commercial Mge30%Zr master alloy ingots
were cut into plates (140  70  6.5 mm3) and were then
subjected to FSP at a tool rotational rate of 800 rpm (rev-
olutions per minute) and a traversing speed of 120 mm/min.Fig. 4. Typical OM images showing grain refinement tests of. (a) 0% Zr; (b) and (
Average grain size: (a) 1857 ± 152 mm; (b) 593 ± 53 mm; (c) 362 ± 28 mm; (d) 140
the form of as-received MgeZr, and the right column is in the form of FSP-ed MA steel tool with a 23-mm-diameter concave shoulder and an
8-mm-diameter, 6-mm-length threaded cylindrical pin was
adopted. The FSP was performed under the plunge control
model with a tilt angle of 2.5. Fig. 1 shows the schematic of
FSP. The gap between two passes is 8 mm, the same as pin
diameter, so as to insure the whole plant FSP processed. The
FSP-ed Mg-30%Zr specimens for microstructure examina-
tions were cross-sectioned perpendicular to the FSP direc-
tion, and the particle size distributions of two kinds of Mg-c) 0.2%Zr addition; (d) and (e) 0.6%Zr addition; (f) and (g) 1.0%Zr addition.
± 7 mm; (e) 111 ± 10 mm; (f) 108 ± 8 mm; (g) 77 ± 3 mm. The left column is in
geZr.
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microscopy (SEM, FEI Quanta 250) images by Image-Pro-
Plus software.
NZ30K Mg alloy was selected to investigate the grain
refinement effect of as-received and FSP-ed MgeZr master
alloy. Two batches of 3 kgs NZK30K alloy were thus indi-
vidually melt from raw materials including pure Mg (99.9%),
Mge90%Nd master alloy, pure Zn and Mge30%Zr master
alloy. The melting were conducted at 730 C under protective
gas of 1 vol.%SF6 þ 99 vol.%CO2. The melt was stirred for
5 min to assist the Zr dissolution and then was held for 15 min
to settle the large Zr clusters and inclusions. Different Zr ad-
ditions were conducted, i.e. 0, 0.2%, 0.4%, 0.6%, 0.8% and
1.0% (wt.%), to systematically study the grain refinement
effect.
The as-cast grain refinement samples were obtained from
the top melt using a dry mild steel cone ladle
(Ø30mm  Ø20 mm  25 mm, wall thickness 2.2 mm, pre-
heated in the top melt to 730 ºC) and then solidified in the ladle
under protective gas. Alloy compositions were analyzed by
ICP-AES. The metallographic specimens were cut along the
radial direction at ~10 mm height from the bottom of the
conical samples and were prepared through standard metallo-
graphic procedure. The mechnically polished microstructural
specimens were then etched in a solution of acetic-picric so-
lution (29.4 grams picric acid, 41 ml water, 50 ml acetic acid
and 350 ml ethanol), and then were subsequently observed
under optical microscopy (OM, ZESSI) and SEM. The average
grain size was measured by the linear intercept technique using
OM images according to ASTM 112-96.
3. Results and discussion
Fig. 2(a), (b) and (c) shows typical SEM views of the as-
received Mge30%Zr master alloy, FSP-ed Mge30%Zr mas-
ter alloy and Zr size distribution, respectively. As mentioned
previously, Zr in Mge30%Zr master alloy is present in the
form of particles. With pin plunging into the as-received Mg-
30%Zr master alloy and rotating at a high speed of 800 rpm,Fig. 5. The relationship between Zr addition and average grain size.FSP produced intense plastic deformation in the stir zone (SZ)
and thermo-mechanically affected zone (TMAZ), causing
large particles to break up into smaller ones. It is clear to see
from Fig. 2 that Zr particles after FSP become smaller and are
homogeneously distributed. Although some big particles still
exist in Fig. 2(b), it can be clearly seen from the size distri-
bution of Zr particles (Fig. 2(c)) that a significant reduction in
the amount of large Zr particles is achieved after FSP. More
importantly, the total frequency (%) of “useful” Zr particle that
within size range of submicron~5 mm is substantially
improved by 130% (frequency from ~15% to ~34%).
Fig. 3 shows the relationship between the Zr additions in
the melt and the resultant Zr contents in the NZ30K alloys. It
can be seen that, at each same Zr addition level, the Zr content
obtained from the use of FSP-ed Mge30%Zr master alloy is
much higher than that of the as-received Mge30%Zr master
alloy. This is mainly because of the much higher number
density of smaller (5 mm) Zr particles available as well as the
less extent of settling, which agrees well with the Zr particle
size distribution in Fig. 2.
Fig. 4 shows the typical optical images of grain refining
tests of both as-received and FSP-ed Mge30%Zr master alloy,
and Fig. 5 shows the dependence of average grain size on the
Zr addition. These two figures indicate that the average grain
size is the function of Zr content, and both improving the Zr
addition and improving the Zr absorption can get refined grain
size. Once only 0.2% Zr is added, there is a very significant
decrease in grain size (from ~1950 mm to below ~600 mm) and
then the grain size decreases gradually with further increases
in Zr. It also can obviously be seen that the grain size is much
finer when adding FSP-ed Mge30%Zr master alloy. For
example, the average grain size of NZ30K alloy refined by
0.6% addition of as-received Zr is ~140 ± 7 mm (Fig. 4(d))
compared to a ~111 ± 10 mm grain size refined by FSP-ed Zr
(Fig. 4(e)). The grain size refined by 1.0% addition of as-
received Zr is ~103 ± 5 mm (Fig. 4(f)), while that by FSP-
ed Zr is ~77 ± 3 mm (Fig. 4(g)). We can say that the FSP-
ed Zr has a better grain refining ability on Mg alloy. In other
words, about 40% Zr addition (from 1.0% to 0.6%) was saved
by FSP-ed Mge30%Zr master alloy.
Fig. 6 shows the Zr nuclei observed in NZ30K alloy refined
by FSP-ed Mge30%Zr. Because Zr has a higher atomic
number than Mg, Zr looks brighter than Mg under SEM, and
EDS proves that almost all the bright particles at grain centers
marked by arrows are Zr particles. It is roughly displayed that
most of the Zr nuclei are between 1 and 5 mm in diameter,
which is in good agreement with previous reports [3,4].
The reasons that why the FSP-ed Mge30%Zr has a better
grain refinement ability can be understood from the following
two aspects:
(1) It is generally accepted that both the potency of the
nucleant particles (defined as the undercooling required for
nucleation, DTn) and the segregating power of the solute
(defined as the growth restriction factor, Q) are critical in
determining the final grain size [1]. The value of Q in a multi-
component alloy is calculated by Q¼Pm(k1)C0, i.e. the sum
of Q values for each alloying element, where m is the slope of
Fig. 6. The Zr nuclei in Mge3.0Nde0.2Zne0.47Zr alloy with addition of 1.0% FSP-ed Zr: (a) SEM image; (b) and (c) EDS of a Zr nucleant.
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composition.
In terms of Zr, it plays as a “dual role” effect, which has
been shown by previous reports that both soluble Zr and
insoluble Zr can refine Mg grains [15,16]. The soluble Zr
generates a strong constitutional undercooling effect that
greatly restricts the growth of Mg grains, while the insoluble
Zr particles supply suitable heterogeneous nucleation sites
during solidification. The value of “m(k1)” for Zr solute in
MgeZr binay phase diagram is ~38.29, which is the highest
among the common solute elements in Mg [1]. The FSP-ed
MgeZr master alloy may yield more tiny Zr particles that can
be dissolved into Mg melt causing a higher soluble Zr content
(C0), which can lead to a final higher Q value and a much
stronger grain growth restrction effect. However, the soluble
Zr content is not measured in this study due to some experi-
mental reasons. Despite this, even one assumes the soluble Zr
content is same at each Zr addition level for both the “as-
received MgeZr refined” and “FSP-ed MgeZr refined”
NZ30K alloy, we believe that the number density of insoluble
tiny Zr particles are different due to the microstructure he-
redity of MgeZr master alloy. This is because that not all of
the Zr particles dissolve well into Mg melt, and insoluble or
undissovled Zr particles always exist [1,2,15,16]. Thus, the Zr
nucleating numbers are different for the two MgeZr master
alloys, and a finer grain size can be achieved by adding the
FSP-ed Mge30%Zr master alloy. In brief, the FSP-ed
Mge30%Zr master alloy with a microstructure of more fineand uniformly distributed Zr particles is beneficial to not only
the dissolution of Zr but also the generation of more hetero-
geneous nuclei [3,5,6]. However, it is noted that another
complicated case is that Mg grains can also nucleate on Zr
nucleants that precipitate out from the melt during cooling
[16], which will not be discussed here due to difficulty.
(2) It is reported that the settling of Zr particles in Mg melt
is significantly influenced by the particle sizes [5,15], and the
grain refinement effect can be reduced by the settling of
possible active Zr nuclei. Qian et al. [15] showed that the
settling distance of Zr particles in Mg melt is described as
Eq.1 (details refer to [15]):
Sz
g

rZr  rMg

d2t
18h
ðEq:1Þ
where S is settling distance of Zr particle, g is gravita-
tional acceleration, rZr is the density of Zr, rMg is the density
of Mg melt, d is Zr particle diameter, t is settling time and h
is the viscosity of pure Mg melt at temperature (T). Ac-
cording to Eq.1, the settling distance of Zr is strongly
influenced by its particle size (d) and time (t). It is then easily
understood that the Zr particles larger than 5 mm settle down
to the bottom of Mg melt more quickly and lose the chance
to act as active heterogeneous nucleation sites, while the
smaller Zr particles can remain in the Mg melt for a longer
time and refine Mg grains [5,15]. If we compare the settling
behaviors between the tiny and big Zr particle, for example 1
mm and 5 mm sized ones, it is roughly known from Qian’s
244 C. Wang et al. / Journal of Magnesium and Alloys 2 (2014) 239e244calculation by Eq.1 that [15]: at a typical melt temperature
730 C and a 30 mins settling time, the 1 mm particle only
settles down to less than 5 mm depth of the crucible, while
the 5 mm particle settles down to more than 120 mm depth of
the crucible. As shown in Fig. 2, the FSP-ed MgeZr master
alloy has very fine and uniformly distributed Zr particles, and
therefore, the slower settling/fading behavior of Zr particles
is favored, and the number density of active Zr nucleating
sites can be increased, which promotes a better grain
refinement ability.
4. Conclusions
With the mechanical stirring caused by the pin, FSP causes
serious plastic deformation in an as-received Mge30%Zr
master alloy, which breaks up Zr particles into smaller ones.
Compared with the as-received one, FSP-ed master alloy has
more Zr particles smaller than 5 mm in size, which favors an
approximate 30% increase in grain refinement effect on
typical as-cast NZ30K alloy. This study implies that FSP is an
effective way to significantly enhance the MgeZr alloying
efficiency and save the Zr addition.
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